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Abstract
Climate change is likely to have profound impacts on quality of water resources, by 
altering the magnitude and timing of nutrient delivery to stream network. However, 
water quality responses to climate change are difficult to predict, especially for nutri-
ent loads because of combined uncertainties in water quality and quantity projections. 
In this study, the potential medium (2031–2060) and long-term (2069–2098) impacts of 
project changes in climate variables (temperature, rainfall and CO
2
 concentration) on 
nitrate load in an Atlantic agro-forested catchment (NW Spain) were assessed using the 
soil and water assessment tool (SWAT) model. Climate change scenarios are based on 
data projected by regional models from the ENSEMBLES project and two CO
2
 concen-
tration scenarios. The results showed that nitrate load will increase in the future hori-
zons (2031–2060, 6%; 2069–2098, 7%) in relation to current values (1981–2010), possibly 
due to the decline in grassland biomass, as well as an increase in the rate of mineralisa-
tion linked to the increase in temperature. Consequently, lower rates of fertilisers will 
be needed in these areas in future horizons, which should be taken into consideration 
when planning management strategies in order to mitigate the impacts of potential 
climate change.
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1. Introduction
Nitrogen (N) is a key nutrient in river systems. Its concentration and form in the aquatic 
environment generally reflect the integration of a number of sources within the catchment 
including point and/or nonpoint sources. In addition to these anthropogenic contributions, 
there are “natural” contributions from the mineralisation and nitrification of organic nitrogen 
in soils [1]. Within aquatic environments, nitrate (NO
3
) is generally the dominant N fraction 
due to high NO
3
 mobility in the environment [2], as a result of its persistence, high solubility 
and low reactivity. The N problem, due to the excessive application of fertilisers for crop 
production, has been of growing concern in recent decades as it affects the water quality for 
consumption, promotes the development of eutrophication and reduces biodiversity [3, 4].
Changes in the climatic conditions and, particularly, increases in air temperature, shifts in rainfall 
patterns and an increase in the frequency of flood and droughts alter the processes controlling the 
mobilisation and transfer of N from agricultural land to aquatic ecosystems [5–7]. Rising water 
temperatures influence biological processes and chemical characteristics of water resources, e.g. 
increasing the mineralisation of organic matter, decreasing oxygen solubility, increasing the vari-
ability in pH values and increasing growth rates of aquatic organisms. A lower water availability 
might affect the quality of surface water resources adversely and even have a significant negative 
impact on human health and the economic development of the entire region [7, 8].
Since protecting and restoring the aquatic ecosystem is a policy priority in Europe [9], catchment 
management planning should focus on adaptively managing climate change impacts, although 
climate change is not explicitly included in the European Water Framework Directive (WFD), 
because climate change is expected to have profound effects on water resources and water qual-
ity [10]. The facts show that effects of climate change have not been properly addressed in policy 
formulation and water resource management strategies in many regions around the world, 
probably due to the lack of accurate and reliable data on the possible effects of climate change 
on water resources. Nitrogen pollution is already considered as a global problem [11], and it is 
expected that N loss will aggravate in vulnerable areas due to climate change [5, 8]. For this, it 
is of upmost importance to assess and quantify the impacts of climate change and vulnerability 
of water resources and evaluate the efficiency of possible adaptation and mitigation policies.
While many researches in different study areas assessed the climate change impacts on catch-
ment hydrology and water supply, water quality has been studied much less [6, 12–14]. So, 
little is known about the potential effects of climate change on biogeochemical processes at 
catchment scale and its associated impacts on water quality. So far, very few studies have 
addressed the water resource on the Atlantic region of Europe, and, consequently, little is 
known about the effects of climate change in water quality in this area. This can constitute 
a challenge because hydrological processes in this region will change in response to climate 
change [15–17], as they are expected to undergo a Mediterranization process. In fact, in the 
northwest of Iberian Peninsula, an increase in temperatures (2–3°C) is expected, particularly 
during spring and summer, with marked uneven distribution of rainfall, i.e. more rain in 
autumn but drier spring and summer [18]. Likewise, according to the Intergovernmental 
Panel on Climate Change [19], climate change will cause an increase in the future winter 
storm and flooding for the Atlantic region of Europe, which encompasses northern Iberian 
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Peninsula, western France, the Netherlands, Belgium, northern part of Germany, western 
Denmark and the United Kingdom. Uncertainties involved in climate predictions are larger in 
this transition zone of the Atlantic region than in other areas, e.g. the northern and the south-
ern parts of the continent. Therefore, this transition zone should be an in-depth studied area.
This paper provides an overview of the effects of changes in climate on nitrate loads in NW 
Spain. Specifically, the main objective of this study was to assess the impacts of the potential 
changes in climate variables (temperature, rainfall and CO
2
 concentration) on nitrate load in 
an Atlantic agro-forested headwater catchment located in NW Spain using the SWAT model 
(one of the most widely used catchment models throughout the world) in order to provide 
information to catchment management so that they can anticipate possibly the impact on 
water quality and design and implement the necessary mitigation actions within the catch-
ment management programs.
2. Study area characterisation
The Corbeira catchment is located in the headwater of the Mero basin, at about 30 km 
from the city of A Coruña in NW SPain (Figure 1). The catchment covers an area of 16 km2. 
Elevations range from 65 to 470 m a.s.l., with a mean slope of 19%. The geological substrate is 
Figure 1. Location of the study area, general view of the Corbeira catchment and land-use map.
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dominated by the basic schist of the Órdenes Complex [20], and the main soil types present 
in the catchment are umbrisol and cambisol [21], which represent 74 and 25%, respectively. 
Predominating land use is a forest covering 65% of the catchment area, followed by pasture 
(26%), impervious areas (5%) and cultivated land (4%). The population density in the catch-
ment is low (35 inhabitants km−2); there are no industries, and human activities are reduced to 
rural traditional agriculture and livestock (0.29 LU ha−1).
The mean annual temperature is about 13°C, with mean annual minimum and maximum 
temperatures of 8.6 (February) and 18.4°C (July), respectively. The mean annual rainfall is 
about 1170 mm, more than 65% occurring between October and March. The annual mean 
flow rate is 0.18 m3 s1, and it is mainly supplied by groundwater. For more information of the 
study area, see Rodríguez-Blanco et al. [22–24].
3. Methodology
3.1. Model description
The SWAT model was developed by the Agricultural Research Service of the US Department of 
Agriculture (USDA) to quantify and predict the impact of agricultural management practices 
on water, sediment and agricultural chemical in large complex catchments [25, 26], although 
is has been satisfactorily applied in small catchments all over the world [10, 14–16]. It is a con-
tinuous, distributed model, although not completely distributed, since it does not use cells but 
divides the basin into sub-basins that are further divided into Hydrological Response Units 
(HRUs). For this reason, sometimes it is defined as semi-distributed. It is based on physical 
principles to describe the relationship between the input and output variables. It needs specific 
data from the catchment (climate, physical properties of the soil, topography, vegetation, soil 
management practice, etc.), which are used to model physical processes related to the move-
ment of water and sediments, growth of crops and nutrient cycles. SWAT simulations can be 
separated into two components, the land phase for water and pollutants loadings to channels 
and the routing phase for in-stream water quantity and quality. Regarding nitrogen, the model 
simulates N transport and transformation at HRU scale; considering the processes of denitri-
fication, volatilisation and organic N, stable organic N associated with humic substances and 
fresh organic N associated with the crop residues are distinguished. Nitrate can be transported 
from land to stream network via surface runoff, lateral flow and groundwater flow. A more 
detailed description of the SWAT model can be found in [25, 26]
3.2. Climate change scenarios
Reseach into the impact of climate in the future has focused on evaluating the effects that change 
in temperature, rainfall and CO2 concentration might cause on nitrate load, following the meth-
odology used in [15, 27]. Two simulation sets were used: one evaluated the response of the 
catchment to changes in single-climate variables (temperature, rainfall or CO2 concentrations) 
and the other one assessed the impact caused by simultaneous changes in temperature, rainfall 
or CO2 concentrations. In total, 14 different climate change scenarios were used (Table 1).
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Scenario Modified parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1 T (°C) 1.0 0.9 0.7 0.9 1.1 1.0 1.3 1.5 1.4 1.2 1.0 1.4
2 T (°C) 1.6 1.5 2 1.7 1.9 2.1 2.5 2.7 2.4 2.8 1.6 2.3
3 T (°C) 1.8 1.6 1.6 1.7 2.2 2.5 2.6 3.0 2.7 2.5 2.2 2.2
4 (°C) 2.7 3.2 3.2 2.9 3.8 4.7 4.5 4.9 5.5 5.0 3.7 2.9
5 P (mm) −1.2 1.0 −5.2 −12.7 −10.6 −11.4 −9.8 −11.8 −6.8 −8.2 −8.7 17.8
6 P (mm) −26.0 −28.3 −12.9 −30.4 −15.5 −24.1 −17.2 −23.9 −30.7 −46.4 −37.9 54.7
7 P (mm) −3.5 −1.0 −5.2 −17.6 −31.8 −21.0 −14.5 −16.4 −19.1 −27.4 −8.7 −8.9
8 P (mm) 36.6 17.2 −22.4 −26.5 −37.5 −30.2 −20.6 −28.5 −28.0 −56.1 −56.8 −29.6
9 CO
2
 (ppm) 550 550 550 550 550 550 550 550 550 550 550 550
10 CO
2
 (ppm) 660 660 660 660 660 660 660 660 660 660 660 660
11 T (°C) 1.0 0.9 0.7 0.9 1.1 1.0 1.3 1.5 1.4 1.2 1.0 1.4
P (mm) −1.2 1.0 −5.2 −12.7 −10.6 −11.4 −9.8 −11.8 −6.8 −8.2 −8.7 17.8
CO
2
 (ppm) 550 550 550 550 550 550 550 550 550 550 550 550
12 T (°C) 1.6 1.5 2 1.7 1.9 2.1 2.5 2.7 2.4 2.8 1.6 2.3
P (mm) −26.0 −28.3 −12.9 −30.4 −15.5 −24.1 −17.2 −23.9 −30.7 −46.4 −37.9 54.7
CO
2
 (ppm) 550 550 550 550 550 550 550 550 550 550 550 550
13 T (°C) 1.8 1.6 1.6 1.7 2.2 2.5 2.6 3.0 2.7 2.5 2.2 2.2
P (mm) −3.5 −1.0 −5.2 −17.6 −31.8 −21.0 −14.5 −16.4 −19.1 −27.4 −8.7 −8.9
CO
2
 (ppm) 660 660 660 660 660 660 660 660 660 660 660 660
14 T (°C) 2.7 3.2 3.2 2.9 3.8 4.7 4.5 4.9 5.5 5.0 3.7 2.9
P (mm) 36.6 17.2 −22.4 −26.5 −37.5 −30.2 −20.6 −28.5 −28.0 −56.1 −56.8 −29.6
CO
2
 (ppm) 660 660 660 660 660 660 660 660 660 660 660 660
Notes: Scenario 1, T + mean 2031–2060 C; Scenario 2, T + max 2031–2060 C; Scenario 3, T + mean 2069–2098 C; Scenario 4, T + max 2069–2098 C; Scenario 5, P – mean 
2031–2060%; Scenario 6, P – max 2031–2060%; Scenario 7, P – mean 2069–2098%; Scenario 8, P – max 2069–2098%; Scenario 9, 1.5 × CO
2
; Scenario 10, 2 × CO
2
; Scenario 
11, Scenario 1 + Scenario 5 + Scenario 9; Scenario 12, Scenario 2 + Scenario 6 + Scenario 10; Scenario 13, Scenario 3 + Scenario 7 + Scenario 9; and Scenario 14, Scenario 
4 + Scenario 8 + Scenario 10.
Table 1. Climate change scenarios used in the simulations.
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The different climatic scenarios used in this study are based on predicted future alterations 
from regional models in the ENSEMBLES project (socio-economic A1B scenario) for the clos-
est meteorological station of the study area, for the periods 2031–2060 and 2069–2098. Due 
to variability of projections of future temperature and rainfall among the different models 
(Figure 2), the data from the models were combined to obtain the mean and maximum 
monthly rainfall and temperature for two periods: 2031–2060 (intermediate future) and 
2069–2098 (distant future). Differences between projected and current values for the reference 
period (1981–2010) were used to develop the climate scenarios.
The stochastic weather generator has proven to be a useful tool for generating climate data 
series of high spatial and temporal resolutions to be used in climate change impact studies. In 
this study, the WXGEN weather generator included in the SWAT model was used to produce 
30 years of synthetic daily weather data series for each climate change scenario, following 
the methodology used in [15, 17]. These weather data were used to run the SWAT model to 
simulate nitrate load under different climate change scenarios.
The nitrate load yields under the selected scenarios were compared with the 30-year simula-
tion of the reference period. T-tests were conducted to determine the significance of the dif-
ference in nitrate load between the reference scenario and the climate change scenarios. All of 
the statistical tests were performed in PASW Statistics 18 for the Windows program package 
(SPSS Inc.) at a significance level of 0.05.
4. Results and discussion
4.1. Use of WXGEN weather
The SWAT model was previously calibrated and validated for streamflow, suspended sediment 
and nitrate yield in the study area [15, 27, 28]. Regarding the nitrate, it pointed out the impor-
tance of agricultural land (30% of catchment area) as the main contributor to N losses (77%), 
Figure 2. Variation range of forecast mean annual temperature and rainfall (ENSEMBLES project) for (a) period 2031–
2060 and (b) period 2069–2098. Symbols identify different global models.
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which reach the stream mainly in groundwater flow. The estimated yield (4.8 kg ha−1) showed 
a close value to the measured values (5.1 kg ha−1). Nash-Sutcliffe efficiency >0.50 and percent 
bias <10% were obtained during the calibration and validation period, indicating that the model 
was able to simulate the nitrate yield in the research area [28]. So, it was considered suitable for 
study of the impact of climate change on nitrate load in the catchment study.
The utility of the WXGEN weather generator embedded in the SWAT model was tested with 
the objective of assessing its use in simulations of climate scenarios. For this, the model was 
run using the climate generator for current conditions (reference period 1981–2010) to simu-
late nitrate load. Then, these results were compared with simulated nitrate load estimated 
using observed meteorological data. The statistical indicators (R2 = 0.60 and NSE = 0.55), 
according to the criteria proposed by Refs. [29, 30], suggest a satisfactory model performance 
and indicate that the WXGEN weather generator can be used with a reasonable degree of 
confidence reasonable to analyse climate change scenarios in the study area.
4.2. Impacts of changes in temperature, rainfall and CO
2
 concentrations in nitrate 
load
An increase in the nitrate load is predicted, both increasing in temperature and CO
2
 concen-
trations, while a decrease was forecast for scenarios with reductions in rainfall (Table 2). The 
variation in the nitrate load in future scenarios is lower than that foreseen for streamflow and 
suspended sediment [15, 27], indicating thta it is less sensitive to changes in rainfall, tempera-
ture and CO
2
 concentration than to discharge and sediment. The forecast pattern of nitrate 
load is similar to that streamflow, except in scenarios with changes in rainfall, as frequently 
NO
3
 yield (kg ha−1 y−1) Percentage of  
change
NO
3
 concentration (mg L−1)
Reference period (1981–2010) 4.66 8.09
Scenario 1 4.89 5 9.71
Scenario 2 4.99 7 11.34
Scenario 3 5.01 8 12.28
Scenario 4 5.16 11 15.89
Scenario 5 4.67 0 9.18
Scenario 6 4.53 −3 10.70
Scenario 7 4.53 −3 10.71
Scenario 8 4.31 −7 15.06
Scenario 9 4.71 1 7.51
Scenario 10 4.75 2 7.18
Temperature (Scenarios 1–4), rainfall (Scenarios 5–8) and CO
2
 concentration (Scenarios 9 and 10) based on scenarios 
defined in Table 1.
Table 2. Response of nitrate yield and concentration to changes in climate variables.
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reported in the literature [12–14, 31], although this does not always happen. For example, 
Ficklin et al. [6] when analysing the sensitivity of nitrate load to increased CO
2
 concentrations 
observed a decrease in nitrate yield linked to increased streamflow.
Since the entry of fertilisers into the simulations remained constant in relation to reference 
conditions, the forecast increase in nitrate load with increasing temperature is probably due 
to a greater contribution of N from agricultural areas, because of the decrease in plant bio-
mass of grasslands and crops [15] with increasing temperature, as well as to the increase in 
organic nitrogen mineralisation. The N mineralisation in the soil depends on the nature and 
abundance of organic matter and temperature, humidity and pH and microbial activity. It is 
well known that it increases with the content of organic matter and temperature [32], which 
leads to an accumulation of inorganic nitrogen in the soil and an increased risk of leaching 
[33], provided that the water content does not limit the microbial activity [34]. In the study 
area, the annual rainfall is 1141 mm (1983/1984–2016/2017) so the water content of the soil 
should not be limiting for microbial activity, and, therefore, the increase of temperature could 
accelerate the transformation of nitrogen from organic to inorganic forms. Other authors, such 
as Ref. [31] in the Yorkshire river basin (the United Kingdom) and Ref. [14] in the Assiniboine 
basin (Canada), also attributed the increase in nitrate load to the accelerated mineralisation 
of biomass, although in all these cases, the nitrate followed the same trend as the streamflow.
The effects of climate variables on nitrate load were more noticeable on a seasonal level 
(Figure 3), highlighting the role of seasonal climate variations in affecting future nitrate. When 
changes in temperature were included,  nitrate yield was forecast to rise in all seasons except 
summer, with the largest load increases in winter. These differences could be due to the increase 
of mineralisation in summer, with the consequent retention of nitrates in the soils because of 
the lack of water to transport them, while in the rainy seasons, the transport will be favoured, 
so it is more likely that load increases. Ref. [35] in laboratory experiences, carried out, therefore, 
with an artificial heating (heating, greenhouses), reported an increase in net mineralisation rates 
of 46%, while Ref. [36] when analysing the impact of climate change on quality of water in the 
Seine River (France) found an increase of between 8% and 26% in the net rate of mineralization.
When rainfall is modified, an increase in the nitrate load is expected in winter and a decline in 
the other seasons, especially in autumn, although the increase in winter does not compensate 
the losses in the other stations.
Figure 3. Seasonal response of nitrate load to changes in temperature (Scenarios 1–4), rainfall (Scenarios 5–8) and CO
2
 
concentrations (Scenarios 9 and 10) based on the scenarios defined in Table 1.
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The results obtained at seasonal scale point out that the differences between seasons are 
attenuated for those scenarios that consider annual anomalies (e.g. Scenarios 3 and 4). This 
reveals that the scenarios that consider a certain exchange rate of temperature and/or rainfall, 
frequently used in the evaluation of impact of climate change on water resources and water 
quality, show the impacts on an annual scale but will hardly report processes that occur at 
smaller scales, because they do not take into account the distribution of temperatures and 
rainfall throughout the year, being necessary studies at seasonal scales.
4.3. Impacts of simultaneous changes in climate variables on nitrate load
Climate change is expected to increase the nitrate load in the Corbeira catchment (Table 3). 
This fact has been frequently attributted to greater water discharge [13, 14, 30]; however, 
Corbeira behaves differently in that there is an increase in nitrate load and a reduction in 
river flows, which shows that the streamflow will not be the determining factor of the nitrate 
load in this catchment in future scenarios. This contrast with the results of other studies in 
the Iberian Peninsula [12, 37], which reported reductions in N exports due to the decrease of 
streamflow.
The simulations performed with the average anomalies (Scenarios 11 and 13, Table 1) forecast 
an increase in the nitrate load in the order of 6% for the period 2031–2060 and 7% for the horizon 
2069–2098, reflecting a great similarity for the entire twenty-first century, despite the notable 
differences expected in the streamflow, which will decrease by 16 and 35% at the mid and end 
of the twenty-first century [15]. An increase in the nitrate load during the spring and, especially, 
during the winter, which will be able to counteract the expected losses during the summer and 
autumn seasons (Figure 4), is observed. This behaviour could be related to an increased activity 
of the enzymes of the soil in the stations with greater water availability, as indicated by [38].
In general, nitrate losses depend on the hydrological balance, the quantities present in the 
soil (both from natural inputs and fertilisation) and the degree to which they are absorbed 
by vegetation [39]. It is known that rising temperatures and droughts exert a great influence 
on nutrient dynamics, since the warming increases mineralisation and drought prevents 
the absorption of nutrients from the plants and facilitates losses to the system when the 
rains arrive. The increase in the nitrate load with climate change, in this catchment, could 
be related to an increase in mineralisation and with the decreased nitrate absorption by 
NO
3
 yield (kg ha−1 y−1) Percentage of  
change
NO
3
 concentration 
(mg L−1)
Reference period (1981–2010) 4.66 8.09
Scenario 11 4.94 6 10.16
Scenario 12 4.97 7 9.52
Scenario 13 4.97 7 20.12
Scenario 14 5.02 8 23.15
Table 3. Response of nitrate load to combined changes in temperature, rainfall and CO
2
 concentrations based on the 
scenarios defined in Table 1.
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Figure 4. Seasonal response of nitrate load to combined changes in temperature, rainfall and CO
2
 concentrations based 
on the scenarios defined in Table 1.
vegetation. A reduction in nitrate absorption is predicted for all land uses, especially signifi-
cant in prairie areas (15% for the period 2031–2060 and 22% for 2069–2098). This points to 
less fertilizer being needed in these areas, which should be taken into consideration when 
planning management strategies in order to mitigate the impacts of potential climate change.
Despite the increase in nitrate concentration with climate change, the figures expected by 
the end of the twenty-first century would be well below the limits established by the cur-
rent legislation for water for human consumption [40], so the supposed increase would be 
of concern for limitation for the human consumption, although it would result in degraded 
water quality.
The effects of land use have not been addressed in this study, since it was restricted to inves-
tigating the impacts of climate change on nitrate load because there is generally more uncer-
tainty in climate projection than land use. So, more attention should be given to investigating 
the impacts due to climate change rather than land-use change. However, the effect of future 
land use on future nitrate load is controversial [10, 37, 39]. Some authors indicated that the 
effect of land cover is more visible than the climate change effect [37], while others found that 
stream nitrate concentrations were much more impacted by climate change than land-cover 
changes [10, 39]. This highlights the need to understand the combined effect of changes in 
land use and climate on catchment nitrogen discharge. This issue will be the aim of further 
research into modelling the water quality in the catchment study.
5. Summary and conclusions
This study was carried out to determine the effects of climate change on nitrate load in an 
agro-forested catchment located in NW Spain using the WXGEN weather generator included 
in the SWAT model. The results suggested that the WXGEN generator was able to adequately 
estimate long-term nitrate load.
Overall, it is verified that the nitrate load will increase in the future horizons in relation to cur-
rent values (about 6 and 7% for the periods 2031–2060 and 2069–2098, respectively), possibly 
due to the decline in grassland biomass, as well as an increase in the rate of mineralisation 
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linked to the increase in temperature. A higher rate of mineralisation of organic matter will 
result in the released nitrate being dragged by the water towards the fluvial course. Despite 
this, the concentrations of nitrates planned for the end of the twenty-first century would be 
well below the limits established by the current legislation in force for drinking water, so the 
supposed increase would not be a limitation for human consumption, although a deteriora-
tion in the quality of water in the study area is expected.
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